substance naturally occurring in citrus drinks and added to many others, imparts a tangy flavor and functions as a preservative. Malic acid occurs naturally in apples, pears, and cherries, and is added to many noncarbonated beverages such as fruit drinks, fortified juices, sports drinks, and iced teas because it enhances the intrinsic flavor. Malic acid also is added to artificially sweeten carbonated beverages to intensify taste and reduce the amount of other added flavorings. These additives give the beverage its distinctive sugar and acid signature taste.
Dental erosion is the irreversible acidic dissolution of surface tooth structure by chemical means in the absence of microorganisms. It primarily occurs when hydrogen ions interact with the surface fluorapatite and hydroxyapatite crystals after diffusion through plaque-pellicle biofilm-a process termed proton-promoted dissolution. 12 Erosion may initially progress through the enamel lamellae, exposing dentinal tubules leading to dentinal sensitivity; however, with continuous erosive insult to the surface enamel, larger areas of the dentoenamel junction will eventually become exposed, leading to enhanced sensitivity. 7, 13, 14 As the oral cavity pH drops to less than 4.0, the tooth surface erodes, and with each unit of decrease in pH there is a 10-fold increase in enamel solubility resulting in a 100-fold increase in enamel demineralization as the pH approaches 2.0 from 4.0. 11 Importantly, the consumption of beverages with higher concentrations of available hydrogen ions (pH < 4.0) results in the immediate softening of the tooth surface that becomes quite susceptible to removal by abrasion and attrition. 15 The frequent consumption of acidic beverages is a developing problem for children, teenagers, and adults. The dramatic increase in consumption of acidic soft drinks, fruit juices, fruit drinks, sports drinks, and carbonated beverages is now thought to be the leading cause of dental erosion observed among children and adolescents. [16] [17] [18] A literature review of dental erosion in children indicates its prevalence may range from 10% to 80%. 19 Primary teeth, having a thinner enamel layer, are more susceptible to rapid erosion into dentin, leading to exposure of the dental pulp. 19 It is evident that erosion causes many clinical problems, with restorative treatment becoming necessary to replace lost tooth structure, eliminate dental pain, and restore function and esthetics.
Research has indicated pH, not titratable acidity, is the critical determinant of a beverage's erosive potential.
10, [19] [20] [21] [22] [23] [24] Citrate may also contribute to dental erosion by removing calcium ions through ligand-promoted dissolution (chelation) at a higher pH approaching 6.
12
The purpose of this study is to determine the hydrogen ion concentration (pH) of beverages including new products that are commercially available in US stores, gas stations, and vending machines. Information obtained from this study will enable dental care practitioners to make appropriate dietary beverage suggestions when counseling patients on the damaging effects of acid in drinks.
METHODS
We purchased nonalcoholic, nondairy beverages from convenience stores, grocery stores, gas stations, and vending machines in the Birmingham, Alabama, area. We studied and categorized a total of 379 beverages. Groups included waters and sport drinks ( Table 1) ; juices and fruit drinks ( Table 2) ; sodas (Table 3) ; and energy drinks, teas, and coffee ( Table 4) . We used an Accumet AR15 pH meter (Fisher Scientific) to measure the pH of each beverage in triplicate immediately after opening at a temperature of 25 C. We recorded the pH data as range and mean (standard deviation [SD] ). Nutritional information labels on the containers were used to determine the type of acids added to the beverages.
RESULTS
All pH data were expressed as range and mean (SD). Seventy waters and sports drinks had a pH range of 2.67 to 7.20 and a mean (SD) value of 3.31 (0.77) ( Table 1) . Fifty-one juices had a pH range of 2.25 to 4.69 and a mean (SD) value of 3.48 (0.47) ( Table 2) . Seventy-eight fruit drinks had a pH range of 2.43 to 3.87 and a mean (SD) value of 2.99 (0.31) ( Table 2) . Ninety-four sodas had a pH range of 2.32 to 5.24 and a mean (SD) value of 3.12 (0.52) ( Table 3) . Sixty-eight energy drinks had a pH range of 2.47 to 3.97 and a mean (SD) value of 3.13 (0.29) ( Table 4) . Seventeen teas had a pH range of 2.85 to 5.18 and a mean (SD) value of 3.48 (0.77); coffee had a pH of 5.11 (Table 4) . Most beverages tested had a pH lower than 4.0 (354 of 379; 93%) ( Tables 1-4) . Relative beverage erosivity zones based on data from studies of apatite solubility in acid indicated 39% (149 of 379) of the beverages tested were considered extremely erosive (pH < 3.0), 54% (205 of 379) were considered erosive (pH ¼ 3.0-3.99), and 7% (25 of 379) were considered minimally erosive (pH $ 4.0) ( Figure  25 ). The most acidic beverages tested with a pH lower than 2.4 were lemon juice (pH ¼ 2.25), RC Cola (pH ¼ 2.32), Coca-Cola Classic (pH ¼ 2.37), Coca-Cola Cherry (pH ¼ 2.38), and Pepsi (pH ¼ 2.39). Citric acid, followed by phosphoric acid, and then malic acid were the most frequently added acids to the drinks tested.
DISCUSSION
Laboratory studies have determined the pH of beverages for human consumption. The pH of extrinsic solutions (dietary beverages) coming into contact with the dentition appears to be the main determinant of dental erosion; the hydrogen ion concentration or acidity, as measured in pH, is primarily responsible for the immediate dissolution and softening of surface tooth structure (erosive potential) by acidic beverages composed of weak acids, for example, citric and phosphoric acid. 10,12,19-24 The titratable acidity or buffer capacity-intrinsic to these acids-does not play as critical a role in dental erosion as pH because of the limited time exposure the dentition has with ingested liquids during each drinking and swallowing episode. 19, 20, 22, 33, 34 Therefore, pH or hydrogen ion concentration (acidity) at the time of dental exposure is the important chemical parameter to assess when determining the erosive potential of beverages.
Teeth erode in the pH range of 2.0 to 4.0, although surface enamel starts to demineralize as the pH drops to less than 5.5 when the external milieu of the oral cavity becomes undersaturated for hydroxyapatite.
35 Apatite solubility studies indicate a logarithmic increase in apatite solubility as pH drops under laboratory equilibrium conditions as can be seen in the solubility curve (Figure) . 25, 36 Apatite solubility above pH 4.0 is minimal; a drop of 1 unit to 3.0 results in a 10-fold increase in apatite solubility. Moreover, as pH drops from 3.0 to 2.0 there is an increase in apatite solubility that approaches 1,000 grams per liter (Figure) . Based on the apatite solubility curve in the figure, we propose that the chemical erosive potential of beverages be segregated into 3 zones: -extremely erosive: pH lower than 3.0; -erosive: pH 3.0 to 3.99; -minimally erosive: pH more than or equal to 4.0.
Furthermore, the relative erosivity zones (extremely erosive, erosive, minimally erosive) of 379 beverages as determined by pH testing indicated 39% (149 of 379) were extremely erosive (pH < 3.0), 54% (205 of 379) were erosive (pH ¼ 3.0-3.99), and 7% (25 of 379) were minimally erosive (pH $ 4.0). Although apatite solubility as a function of pH is on a continuum, the segregation of erosive potential into 3 discrete zones would be helpful to the dental clinician when providing a dietary guide of relative beverage erosivity to the patient. The prevailing paradigm for dental erosion remains: as the pH of the oral milieu decreases, the solubility of apatite on the tooth surface increases logarithmically.
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Dental erosion from beverages is primarily caused by phosphoric acid and citric acid; both are triprotic acids with 3 available hydrogen ions, enabling protonpromoted dissolution.
12,37 Chelation or ligand-promoted dissolution by anionic citrate contributes to enamel demineralization by the removal of calcium ions at a higher pH range approaching 6. 12 At the erosive pH of 3, only 3% of citrate ions are appropriately ionized to chelate calcium ions, indicating their contribution to the erosive process at this pH is minimal. 38 However, if anionic citrate were to remain within the oral cavity for extended time intervals, allowing the pH to rise to 6, chelation could play a contributing role in the erosive process. For example, the eating of citrus fruits more than twice a day has been associated with dental erosion.
39
Nevertheless, high concentrations of hydrogen ions reflected by low pH from citric or phosphoric acid results in undersaturation for both fluor-and hydroxyapatite, leading to dental erosion. Hence, pH is the controlling parameter in determining the erosive potential of beverages.
11,19-24
Knowledge of beverage pH is essential for the development of preventive strategies for patients with clinical erosion. 7, 40, 41 The elimination of extremely erosive drinks (pH < 3.0), minimizing erosive drinks (pH ¼ 3.0-3.99), and substituting drinks with a (pH $ 4.0) would be Xerostomic conditions exacerbate the erosive process from lack of saliva essential for the dilution and buffering of hydrogen ions in the oral cavity. 39, 44 The primary dentition of children is highly susceptible to the erosive process and low pH beverages should not be placed in a baby bottle, especially at sleep time when the mouth is xerostomic. Athletes may have decreased salivary flow rates due to dehydration from profuse sweating after prolonged, intense physical activity and should rehydrate with water. 45 Geriatric patients taking medications with xerostomic side effects are vulnerable to erosion, and the exposure of cementum and dentin due to gingival recession allow for root demineralization and hypersensitivity from contact with erosive drinks. 7, 14, 46 Obviously, saliva is an important ameliorating milieu for the abrogation of dental erosion by not only diluting and buffering extrinsic acids, but also providing the source of glycoproteins that coat the tooth surface as the protective acquired pellicle. 20, 43, 44 However, when acidic beverage consumption is excessive, saliva provides the dentition limited protection from erosion. 47 
CONCLUSIONS
Studies suggest that pH is the primary determinant of beverage erosive potential. We determined the pH of 379 nonalcoholic, nondairy beverages and assessed them for relative erosivity. Relative beverage erosivity zones based on previous studies of apatite solubility in acid indicated 39% (149 of 379) of the beverages tested were considered extremely erosive (pH < 3.0), 54% (205 of 379) were considered erosive (pH ¼ 3.0-3.99), and 7% (25 of 379) were considered minimally erosive (pH $ 4.0). The most acidic beverages tested with a pH of less than 2.4 were lemon juice (pH ¼ 2.25), RC Cola (pH ¼ 2.32), CocaCola Classic (pH ¼ 2.37), Coca-Cola Cherry (pH ¼ 2.38), and Pepsi (pH ¼ 2.39). Information obtained from this study will enable dental care practitioners to make appropriate dietary suggestions when counseling patients about the damaging dental effects of acids in the beverages they drink. n
SUPPLEMENTAL DATA
Supplemental data related to this article can be found at: http://dx.doi.org/10.1016/j.adaj.2015.10.019. 
